Based on the extended optical model approach in which the polarization potential is decomposed into direct reaction (DR) and fusion parts, simultaneous χ 2 analyses are performed for elastic scattering and fusion cross section data for the 6 Li+ 208 Pb system at near-Coulomb-barrier energies. A folding potential is used as the bare potential. It is found that the real part of the resultant DR part of the polarization potential is repulsive, which is consistent with the results from the Continuum Discretized Coupled Channel (CDCC) calculations and the normalization factors needed for the folding potentials. Further, it is found that both DR and fusion parts of the polarization potential satisfy separately the dispersion relation.
I. INTRODUCTION
Much attention has been focused on two well known problems originally revealed in the optical model analyses of the elastic scattering data for loosely bound projectiles such as 6 
Li and
9 Be when a folding potential is used for the real part of the optical potential [1, 2] .
First, as demonstrated by Satchler and Love [1] , it is needed to reduce the magnitude of the folding potential by a factor N = 0.5 ∼ 0.6 to fit the data ; problem (1) . Secondly, the threshold anomaly [3, 4] does not appear in the resultant normalization constant N fixed from the fit to the data at near-Coulomb-barrier energies [2] ; problem (2) .
It is natural to expect that these two problems may originate from the strong breakup character of the loosely bound projectiles; in fact, studies have been made of the effects of the breakup on the elastic scattering, based on the coupled discretized continuum channel (CDCC) method [5, 6] . These studies were very successful in reproducing the elastic scattering data without introducing an arbitrary normalization factor and further in understanding the physical origin of the factor N = 0.5 ∼ 0.6 needed when only one channel optical model calculations were made. The authors of Refs. [5, 6] projected their coupled channel equations to a single elastic channel equation and deduced the polarization potential arising from the coupling with the breakup channels. The resultant real part of the polarization potential was then found to be repulsive at the surface region around the strong absorption radius, R sa . This means that the reduction of the folding potential by a factor of N = 0.5 ∼ 0.6 needed to be introduced when only one-channel optical model calculation is made is to effectively take into account the effects of the coupling with breakup channels. The CDCC studies, however, have not been able to solve the problem (2) mentioned above, i.e., the fact that the normalization factor N does not show the threshold anomaly.
To solve the problem (2), it was suggested some time ago [7] that the threshold anomaly is due to fusion: In case where fusion is the dominant part of all the reaction processes, threshold anomaly naturally manifests itself in the optical potential extracted from the fit to elastic scattering data. However, in case where breakup or direct reactions (DR) dominate, the energy dependence of the resultant optical potential is governed by DR and thus should be quite smooth [3] . In order to see the threshold anomaly in the latter case, it is thus necessary to separate the polarization potential into fusion and DR (breakup) parts. The threshold anomaly will then be observed in the fusion part of the potential.
In order to test this idea, we have thus carried out [8, 9] The DR and fusion potentials thus determined revealed some characteristic features:
First of all, both potentials satisfy separately the dispersion relation [3] . Secondly, the fusion potential is found to exhibit the threshold anomaly, as was observed for tightly bound projectiles [20, 21, 22] , but the DR potential does not show a rapid energy variation, i.e., the threshold anomaly. Thirdly, at the strong absorption radius, the magnitude of the fusion potential was found to be much smaller than that of the DR potential. As a consequence, the resulting total polarization potential dominated by the DR potential becomes rather smooth as a function of the incident energy. This has explained the reason why the threshold anomaly is not seen in the optical potentials determined for systems involving loosely bound projectiles such as 6 He, 6 Li, and 9 Be [2, 10, 15] .
In the extended optical model analyses made so far [8, 9] use was made of a rather shallow real potential for the bare potential. The aim of the present study is to carry out for the first time an extended optical model analysis of the elastic scattering and fusion cross section data for the 6 Li+ 208 Pb system at near-Coulomb-barrier energies by utilizing a folding potential as the bare potential. We shall show that the resulting real part of the DR potential becomes repulsive and that the threshold anomaly appears in the fusion potential, describing the experimental data of the fusion and elastic scattering cross sections without the two problems (1) and (2) , following the method proposed in Ref. [9] .
Our method to generate σ semi−exp D resorts to the empirical fact [11, 28, 29, 30, 31] that the total reaction cross section calculated from the optical model fit to the available elastic scattering cross section data, dσ exp E /dΩ, usually agrees well with the experimental σ R , in spite of the well known ambiguities in the optical potential. Let us call σ R generated by the optical model the semi-experimental reaction cross section σ
This approach seems to work even for loosely bound projectiles, as demonstrated by Kolata et al. [11] for the 6 He+ 209 Bi system. We take σ exp F from Ref. [13] , but since the . For these preliminary analyses, we assume the optical potential to be a sum of V 0 (r) + iW I (r) and
where V 0 (r) is the real, energy independent bare folding potential to be discussed later in III.B, iW I (r) is an energy independent short range imaginary potential to be discussed in III.A, and U 1 (r, E) is a Woods-Saxon type complex potential with common geometrical parameters for both real and imaginary parts. The elastic scattering data are then fitted with a fixed radius parameter r 1 for U 1 (r, E), treating, however, three other parameters, the real and the imaginary strengths V 1 and W 1 and the diffuseness parameter a 1 , as adjustable. The χ 2 fitting is done for three choices of the radius parameter; r 1 =1.3, 1.4, and 1.5 fm. These different choices of the r 1 -value are made in order to examine the dependence of the resulting σ semi−exp R on the value of r 1 .
As noted in Ref. [9] , the values of σ Table I, together with σ exp F . In Table I , given are also σ semi−exp R determined in Ref. [2] . The two sets of σ semi−exp R determined independently agree with each other. Note that in this study we use the same normalization factors for the experimental elastic scattering cross sections as in Ref. [2] . This was not the case in Ref. [9] , and thus the extracted σ semi−exp D
in Table   I and σ semi−exp D in Ref. [9] are slightly different. In III.E, comparison will be made of
thus extracted with the existing data for breakup and incomplete fusion, and also the final calculated DR cross section.
III. SIMULTANEOUS χ 2 ANALYSES
Simultaneous χ 2 −analyses were then performed for the data sets of we have only one datum point for each of these cross sections, while there are more than 50 data points for the elastic scattering cross sections.
A. Necessary Formulae
The optical potential U(r, E) we use in the χ 2 -analyses has the following form;
where V C (r) is the usual Coulomb potential with r C =1.25 fm and V 0 (r) is the bare nuclear potential, for which use is made of the double folding potential to be described in more detail in the next subsection. U F (r; E) and U D (r; E) are, respectively, fusion and DR parts of the so-called polarization potential [33] that originates from couplings to the respective reaction channels. Both U F (r; E) and U D (r; E) are complex and their forms are assumed to be of volume-type and surface-derivative-type [8, 18] , respectively. They are explicitly given by
and
where 
, and W D (E) are the energy-dependent strength parameters. Since we assume the geometrical parameters of the real and imaginary potentials to be the same, the strength parameters V i (E) and
where P stands for the principal value and V i (E s ) is the value of V i (E) at a reference energy E = E s . Later, we will use Eq. (5) to generate the final real strength parameters V F (E) and V D (E) using W F (E) and W D (E) fixed from the χ 2 analyses. Note that the breakup cross section may include contributions from both Coulomb and nuclear interactions, which implies that the direct reaction potential includes effects coming from not only the nuclear interaction, but also from the Coulomb interaction.
The second imaginary potential W I (r) in U F (r; E) given by Eq. (3) is a short-range imaginary potential of the Wood-Saxon type given by
with W I = 40 MeV, r I = 1.0 fm, and a I = 0.30 fm. This imaginary potential is introduced in order to eliminate unphysical survivals of lower partial waves at very small values of r when this W I (r) is not introduced. Because of the deep nature of the folding potential V 0 used in this study and also because W F (E)f (X F ) energy-dependent imaginary part of U F (r; E) in Eq. (3) turns out to be not strong enough, reflections of lower partial waves appear which causes oscillations of dσ E /dΩ at large angles, but physically such oscillations should not occur. Thus W I (r) is introduced to eliminate this unphysical reflection of lower partial waves. We may introduce the corresponding real part V I f (X I ), but we ignore it here, simply because such a real potential does not affect physical observables, which means that it is impossible to extract the information of such a potential from analysing the experimental data.
In the extended optical model, fusion and DR cross sections, σ F and σ D , respectively, are calculated by using the following expression [17, 18, 19, 34 ]
where χ (+) is the usual distorted wave function that satisfies the Schrödinger equation
with the full optical model potential U(r; E) in Eq. (2). σ th F and σ th D are thus calculated within the same framework as dσ E /dΩ is calculated. Such a unified description enables us to evaluate all the different types of cross sections on the same footing.
B. The Folding Potential
The double folding potential V 0 (r) we use as the bare potential may be written as [1] 
where ρ 1 (r 1 ) and ρ 2 (r 2 ) are the nuclear matter distributions for the target and projectile nuclei, respectively, while v N N is the sum of the M3Y interaction that describes the effective nucleon-nucleon interaction and the knockon exchange effect given as
For ρ 1 (r) we use the following Woods-Saxon form taken from Ref. [35] 
with c = 6.624 fm and z = 0.549 fm, while for ρ 2 (r) the following form is taken from
Ref. [1] ;
with a = 0.928 fm, b = 1.26 fm, and c = 0.48 fm. The parameters for the above ρ 1 (r) and ρ 2 (r) were fixed from the charge density, but we assume they can be used for the matter density also. We then use code DFPOT of Cook [36] for evaluating V 0 (r).
C. Threshold Energies for Subbarrier Fusion and DR
As in Ref. [9] , we utilize as an important quantity the so-called threshold energy E 0,F and E 0,D of subbarrier fusion and DR, respectively, which are defined as zero intercepts of the linear representation of the quantities S i (E), defined by
where α i is a constant. S i with i = F , i.e., S F is the quantity introduced originally by
Stelson et al. [37] , who showed that in the subbarrier region S F from the measured σ F can be represented very well by a linear function of E (linear systematics) as in Eq. (12).
In Ref. [8] , we extended the linear systematics to DR cross sections. In fact the DR data are also well represented by a linear function.
In Fig. 1 , we present the experimental S F (E) and is found to be considerably smaller than E exp 0,F , meaning that the DR channels open at lower energies than fusion channels, which seems physically reasonable. E 0,i may then be used as the energy where the imaginary potential W i (E) becomes zero, i.e., W i (E 0,i ) = 0 [8, 38] . This procedure will be used later in the next subsection for obtaining a mathematical expression for W i (E).
D. χ 2 Analyses
All the χ 2 analyses performed in the present work are carried out by using the folding potential as the bare potential V 0 (r) described in III.B and by using the polarization potentials with fixed geometrical parameters, r F =1.40 fm, a F =0.43 fm, r D =1.47 fm, and a D =0.58 fm, which are close to the values used in our previous study [8] . Some changes of the values from those of Ref. [8] were made to improve the χ 2 -fitting.
As in Ref. [8] , the χ 2 analyses are done in two steps; in the first step, all 4 strength As is done for W D (E), the threshold energy where W F (E) becomes zero is set equal to E exp 0,F , which is also indicated by the solid circle in Fig. 2 . As seen, the W F (E) values determined by the second χ 2 analyses can fairly well be represented by the functions given by Eq. (14) . Note that the energy variations seen in W F (E) and V F (E) are more pronounced than those in W D (E) and V D (E) and exhibit the threshold anomaly as observed in tightly bound projectiles [20, 21, 22] .
Using W F (E) given by Eq. (14), one can generate V F (E) from the dispersion relation. It may be worth noting here that the theoretical fusion cross section, σ th F , includes partial contributions, σ I and σ F , from two imaginary components W I (r) and W F (E)f (X F ) in U F (r, E) given by Eq. (3). In Table II the partial contribution from the W I (r) part, denoted by σ I , are presented in comparison with the total fusion cross section, σ th F . As seen, the contribution from the inner part, W I , amounts to 14 ∼ 25 % of σ th F , which is relatively small but not negligible. It should be remarked, however, that the real po- followed by the absorption of one of the fragments) which is referred to as the incomplete fusion cross section, σ ICF , in Ref. [26] and also exclusive α − d and α − p coincidence cross sections [24] . The sum of these cross sections become fairly large. In Table III, we present the sum of these cross sections denoted as σ ICF +excl in comparison with our theoretical DR cross sections. As seen, σ ICF +excl is slightly smaller than σ th D , which is reasonable, since σ ICF +excl does not include such contributions as inelastic excitations of the target nucleus and the incomplete fusion in which only a proton is emitted, and so on. It is thus highly desirable to measure the remaining missing parts of the DR cross sections in the future. It is remarkable that the real part of the DR potentials determined in the present χ 2 analysis turn out to be repulsive at all the energies considered here. We present in In Table IV presented are the values of the strong absorption radius R sa , and those of 
W D , and R = V tot /V 0 evaluated at r = R sa for all the energies. obtained in Ref. [6] . (The normalization factor used for the same system at E lab = 50.6
MeV in Ref. [1] was 0.59.) It is seen also in Table IV that at the strong absorption radius R sa , the values of the real and the imaginary parts of the DR potential are both considerably greater than those of the fusion potential. Because of this, the energy dependence of the net polarization potential (sum of the fusion and DR potentials) at R sa is dominated by that of the DR potential with rather a smooth energy dependency.
Consequently, the net potential does not show such a threshold anomaly as seen in the net potential for systems with tightly bound projectiles [20, 21, 22] .
As already remarked, the real and the imaginary parts of both fusion and DR potentials determined in the present χ 2 analyses satisfy well the dispersion relation, and further the fusion potential shows clearly the threshold anomaly.
IV. CONCLUSIONS
From the discussions of our results in the previous section, we may safely conclude that within the extended optical model approach, even if use is made of the double folding potential as its bare potential, one can describe the elastic scattering and fusion cross section data simultaneously without encountering the two problems remarked at the beginning of this paper. The normalization factor needed to be introduced to the folding potential, particularly for loosely bound projectiles, in the earlier analyses [1, 2] based on the conventional optical model approach can now be removed in the present extended optical model analysis, and the effects are accounted for by means of the repulsive DR potential as observed in the CDCC approach. Also the threshold anomaly that could not be seen in the analyses based on the conventional optical model approach is now seen in the fusion part of the polarization potential.
In the present work, we focused our attention only to the 6 Li+ 208 Pb system, but it is possible to carry out similar analyses to other systems. It is particularly interesting to do the analysis for the 7 Li+ 208 Pb system, where the conventional analysis is successfully applied to explain the data. An extension of the present analysis to the 7 Li+ 208 Pb system is now under way, and the report of the results will be made in a separated paper. MeV.
